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INTRODUCTION
4 1987, Valentine et al., 2017 , Schneider et al., 2019 . Transition metals such as iron, 92 copper, zinc, or molybdenum are also critical for nodulation and nitrogen fixation as 93 cofactors in many of the involved enzymes (González- Guerrero et al., 2014 , González-94 Guerrero et al., 2016 . This includes not only nitrogenase (Rubio and Ludden, 2005) , but 95 also NADPH-oxidases that participate in nodule signalling (Montiel et al., 2016) , 96 leghemoglobin that maintains nodule O2 homeostasis (Appleby, 1984) , high-affinity 97 cytochrome oxidases providing energy to the bacteroids (Preisig et al., 1996) , as well as 98 many enzymes involved in free radical control (Dalton et al., 1998 , Santos et al., 2000 , 99 Rubio et al., 2007 . Consequently, deficiencies in the uptake of these nutrients or 100 alterations in the metal delivery pathways lead to defects in nodulation and/or nitrogen 101 fixation (Tang et al., 1991 , O'Hara, 2001 , Senovilla et al., 2018 , Gil-Díez et al., 2019 . 102
To reach the bacteroids, metals must first cross from soil into the roots using the 103 general mechanisms common to all dicots (Kobayashi and Nishizawa, 2012, Curie and 104 Mari, 2017) . Metal uptake is facilitated by soil acidification, the release of 105 phenolics/coumarins and flavins, and cation reduction when required (Jain et al., 2014) . 106
Metals are then introduced into the root epidermis and symplastically or apoplastically 107 reach the root endodermis, to cross into the vasculature, and delivered to sink organs. In 108 model legume Medicago truncatula metals are released from the vessels into the apoplast 109 of the infection-differentiation zone of nodules (Rodríguez-Haas et al., 2013). These 110 nutrients will be introduced in rhizobia-infected cells and targeted to symbiosomes for 111 nitrogen fixation. In recent years, many of the membrane transporters participating in 112 metal transfer from the plant to the bacteroids have been identified. For instance, iron 113 transfer to nitrogen-fixing cells is facilitated by plasma membrane iron uptake protein 114 MtNramp1 (Tejada-Jiménez et al., 2015) , and its transport across the symbiosome 115 membrane by MtSEN1 and MtFPN2 (Hakoyama et al., 2012 , Escudero et al., 2019 . 116
However, little is known on how metals are sorted intracellularly and on the speciation 117 of these elements. 118
Unlike alkali or alkali-earth elements, transition metals are not "free", hydrated, 119 in physiological solutions. Instead, they are bound to a plethora of organic molecules that 120 maintain them soluble under different pH, prevent metal-catalysed production of free 121 radicals in Fenton-style reactions, and avoid mis-metallation of enzymes (Finney and 122 Halloran, 2003 , Rellán-Álvarez et al., 2008 , Flis et al., 2016 . Systematic studies of the 123 5 of citrate and nicotianamine in this role (von Wiren et al., 1999 , Durrett et al., 2007 , 125 Roschzttardtz et al., 2011 , Schuler et al., 2012 . Citrate is the main iron chelator in xylem 126 and facilitates iron delivery across symplastically disconnected tissues (Durrett et al., 127 2007, Rellán-Álvarez et al., 2010, Roschzttardtz et al., 2011) . It has also been associated 128 with iron trafficking to nodules (LeVier et al., 1996) . Citrate efflux proteins LjMATE1 129 and MtMATE67 are required for iron allocation to nodules and contribute to nitrogen 130 fixation (Takanashi et al., 2013 , Kryvoruchko et al., 2018 . Citrate efflux is also 131 important for iron delivery to bacteroids, as indicated by the symbiosome localization of 132 nodule-specific protein MtMATE67 (Kryvoruchko et al., 2018) . 133
Nicotianamine is also an important player in plant metal homeostasis. This 134 molecule is a non-proteinogenic amino acid synthesized by nicotianamine synthases 135 (NAS) from S-adenosyl methionine (Higuchi et al., 1999 MtNAS2. MtNAS2 was expressed at similar levels in roots from plants inoculated or non-158 inoculated with Sinorhizobium meliloti (Fig. 1A) . Significantly, lower expression was 159 detected in nodules, and no signal was detected in shoots from either inoculated or non-160 inoculated plants. Tnt1 was inserted in position +760 of MtNAS2, interrupting the reading 161 frame of its only exon and diminishing MtNAS2 mRNA levels below our detection limit 162 ( Fig. 1B) . As expected, NF15101, nas2-1 in this report, had reduced biomass production 163 in nitrogen fixation conditions ( Fig. 2A, B ). While nodule development and nodule 164 number were not significantly altered in nas2-1 compared to wild type ( Fig. 2C , D, Supp. 165 Fig. 1 ), nitrogenase activity was reduced three-fold in nas2-1 plants ( Fig. 2E ). No 166 significant differences in nicotianamine content were observed between wild-type and 167 mutant plants (Supp. Fig. 2 ). The nas2-1 phenotype was reverted when a wild-type copy 168 of MtNAS2 regulated by its own promoter was reintroduced in nas2-1 (Fig. 2) . The data 169 indicate that among all the Tnt1 insertions, loss of MtNAS2 function was determinant for 170 the reduction of nitrogenase activity and overall growth alterations. 171 172
MtNAS2 is not required for plant growth under non-symbiotic conditions 173
To determine whether the symbiotic phenotype of nas2-1 was the result of 174 additional physiological processes being affected, these plants and their controls were 175 grown in the same conditions as above, but supplemented with ammonium nitrate in the 176 nutrient solution to compensate for the lack of rhizobial inoculation. In these conditions, 177 no significant differences were found in plant growth, biomass production, or chlorophyll 178 content between wild-type and nas2-1 plants ( The physiological role of MtNAS2 is determined by its differential tissue and 188 cellular expression. To establish the gene tissue expression, M. truncatula plants were 189 transformed with a binary vector containing the MtNAS2 promoter region driving the b-190 glucuronidase (gus) gene transcription and GUS activity visualized using X- Gluc. 191 MtNAS2 was expressed in roots and nodules ( Fig. 4A ), in agreement with the transcript 192 data ( Fig. 1 ). Longitudinal section of the nodules showed GUS activity in cells in the 193 interzone and fixation zone of the nodule (Fig. 4B) . Nodule cross-sections showed 194 expression in all nodule tissues ( Fig. 4C ). In roots, MtNAS2 promoter was active in 195 vasculature cells ( Fig. 4D) . 196
Supporting the gene expression results, immunolocalization of HA-tagged 197
MtNAS2 under control of its own promoter showed that the protein was located in cells 198 neighbouring the interzone and fixation zone ( Fig. 5A ). At higher magnification, we 199 could observe that MtNAS2-HA had a homogenous distribution within the cells, and it 200 did not seem to cluster in any particular location ( Fig. 5B ). Analysis of nodule vasculature 201 showed MtNAS2-HA in endodermal cells ( Fig. 5C ). However, in the root vasculature, 202
MtNAS2-HA was detected in small cells associated to the xylem, ( Fig. 5D ). Controls 203 were carried out to ensure that the data did not stem from autofluorescence (Supp. Fig 4) . 204 205 MtNAS2 is required for efficient metal allocation for symbiotic nitrogen fixation 206 Nicotianamine is required for metal allocation from source to sink tissues (Schuler 207 et al., 2012) . Alterations in nicotianamine synthesis typically lead to reduced metal 208 delivery to sink tissues. To determine whether this was the case for nas2-1, iron, copper 209 and zinc levels in roots, shoots, and nodules from 28 days-post-inoculation (dpi) plants 210 were determined. No significant changes in these levels were observed ( Fig. 6A ). 211
However, metal allocation might be altered while not affecting total nodule metal content. 212
To assess this possibility, synchrotron-based X-ray fluorescence studies were carried out 213 to determine iron distribution in nas2-1 compared to wild type (Fig. 6B ). These 214 experiments showed that iron distribution was altered in nas2-1 mutants. To further 215 confirm that mutation of MtNAS2 affected iron distribution in nodules as a consequence 216 of changes of iron speciation, X-ray Absorption Near-Edge Spectroscopy (XANES) 217 analyses of iron speciation in the different nodule developmental zones were carried out 218 ( Fig. 6C ). Principal component analyses of these spectra showed that the iron complexes 219 in the fixation zone were quite different ( Fig. 6D ). Fitting of the obtained spectra to 220 known standards showed that the proportion of Fe-S complexes had a dramatic drop in 221 nas2-1 compared to wild-type plants, while the proportion of O/N complexes with iron 222 had a larger increase (Table 1) MtNAS2 expression in nodule core cells in the interzone and zone III also indicates 276 a role of nicotianamine in metal homeostasis of nitrogen fixing cells. It has been 277 previously described that nicotianamine can participate in intracellular metal trafficking 278 and in cell-to-cell metal delivery, as well as serve as intracellular storage of metals 279 (Haydon et al., 2012) . Mutation of MtNAS2 did not significantly alter iron, copper, or 280 zinc levels in any of the plant organs analysed, but a major shift in iron distribution was 281 observed in nodules, with a significant decrease of iron accumulation in the interzone and 282 early fixation zone. This would indicate that iron trafficking in these cells is altered. 283
However, MtNAS2-mediated iron trafficking would only affect a subset of the nodule 284 iron-proteome, since delivery to the fixation zone was not completely blocked as attested 285 by the red colour of nodules, indicative that leghemoglobin (an important iron sink) was 286 being produced in addition to a residual nitrogenase activity. This could suggest the 287 existence of differential metallation pathways in nodules that might serve different 288 subsets of proteins, which could partially complement each other under stress conditions. 289
Supporting this hypothesis, mutation of MtNAS2 did not equally affect all the iron species 290 in the fixation zone. While the percentage of iron-sulfur complexes detected by XANES 291 was significantly lower than in control plants, iron coordinated by nitrogen or oxygen 292 atoms was increased. Considering the high demand for iron-sulfur clusters for nitrogenase 293 assembly (Rubio and Ludden, 2005) , its decrease could explain the reduction of 294 nitrogenase activity observed. The changes in iron speciation were particularly severe in 295 the fixation zone, which is consistent with MtNAS2 distribution, with the observed 296 reduction of nitrogenase activity, and with the iron distribution data. It is important to 297 indicate that we cannot rule out similar effects on copper or zinc speciation and 298 distribution, since the synchrotron setup available to us at the European Synchrotron 299
Radiation Facility prevented us to carry out similar analyses on those two elements. 300
This work highlights the importance of MtNAS2 in iron delivery for symbiotic 301 nitrogen fixation. This is not the only NAS gene that might be involved in the process, 302 since total nicotianamine production is sustained in nodules, and other family members 303 have been shown to be expressed in these organs, such as MtNAS1 (Avenhaus et al., After three weeks on Fahreus media plates with kanamycin (50 µg/mL), plant 12 transformants were transferred to sterilized perlite pots and inoculated with S. meliloti 352 2011. GUS activity was determined in 28 dpi plants as described (Vernoud et al., 1999) . Secondary antibody was washed three times with PBS for 10 min. DNA was stained 373 using DAPI. Images were obtained with a confocal laser-scanning microscope (Leica 374 SP8) using excitation light at 488 nm to GFP and 561 nm for Alexa 594. 375
376
Acetylene reduction assays 377
Nitrogenase activity assay was measured by acetylene reduction test (Hardy et al., 378 1968 ). Wild-type and nas2-1 nodulated roots from 28 dpi were separately introduced in 379 Total chlorophyll content was determined as previously described with some 388 modifications (Inskeep and Bloom, 1985) . Leaves were collected from 28 dpi plants and 389 poled to obtain 50 mg of fresh material. Chlorophyll was extracted with 500 µl of di-390 methyl-formamide at 4 ºC overnight. Leaves were centrifuged for 5 min at 600 g at room 391 temperature. After transferring the supernatant to another vial, the chlorophyll extraction 392 was repeated with the same leave using strong vortexing. After spinning for 5 min at 600 393 g, the supernatant was pooled with the previous one. Chlorophyll was quantified at 647 394 nm and 664 nm in a Ultraspec 3300 spectrophotometer (Amershan Bioscience). 
